Background: The expression of chronic rhinosinusitis (CRS) is multidimensional. Dis-
evidence of inflammation on endoscopic or radiologic examination, and is classified into 2 clinical phenotypes: CRS with nasal polyps (CRSwNP) and CRS without nasal polyps (CRSsNP). 1, 2 This definition obviously allows a heterogeneous group of patients to be included under this term. It has been found that many patients do not respond well to the "one-size fits-all" treatment approach with antiinflammatory agents and surgery based on current classification, 1 supporting the notion that CRS is a multifactorial disorder with diverse and overlapping pathologies and clinical phenotypes. [3] [4] [5] [6] [7] [8] [9] [10] Therefore, identification of endotypes of CRS determined by distinct pathophysiological mechanisms and further characterizing the CRS uncontrolled by current treatment regimens may provide a foundation, from which to understand disease causality and ultimately to develop efficient management approaches. 1, 11, 12 Clinical and statistical efforts have assigned CRS endotypes, with recent emphasis on cluster analysis. [5] [6] [7] [8] [9] [10] In most studies, clustering was performed on white patients by using clinical variables. were not included for the definition of an endotype and the impact of endotype on treatment response was not studied. 6 As heterogeneity in CRS expression is multidimensional, including variability in clinical, physiologic, and pathologic parameters, classification requires consideration of these disparate domains in a unified model. Thus, our present study aimed to endotype Chinese patients with CRS by integrating multidimensional characteristics in 1 cluster analysis and to dissect the association between endotype and clinical response to treatment. Previous studies demonstrated considerable differences in clinical and pathological features of CRS in patients with distinct racial backgrounds. 3, [13] [14] [15] It is therefore believed that further understanding of CRS in populations with distinct racial backgrounds will be of great value in the elucidation of the pathogenesis of CRS.
2 | ME TH ODS
| Subjects
This study was approved by the Ethics Committee of Tongji Hospital of Huazhong University of Science and Technology, Wuhan, China, and was conducted with written informed consent from all patients.
CRSwNP and CRSsNP were diagnosed according to the current American and European position papers. 1, 2 All patients had ongoing symptoms after initial attempts at medical treatment and underwent functional endoscopic sinus surgery. Patients who had a history of aspirin sensitivity, antrochoanal polyps, cystic fibrosis, primary ciliary dyskinesia, fungal sinusitis, or systemic vasculitis were excluded in this study, because these are discrete disorders with unique pathophysiology. Additional information is provided in this article's Appendix S1.
| Baseline and follow-up clinical assessments
The demographic and clinical characteristics listed in Table 1 were assessed before surgery as previously described. Additional information is provided in this article's Appendix S1.
| Measurement of cellular markers in tissues
Paraffin sections were stained with hematoxylin and eosin or a polyclonal antibody to myeloperoxidase (Abcam, Cambridge, UK). The numbers of eosinophils, mononuclear cells, plasma cells, submucosal glands, and myeloperoxidase positive neutrophils per high-power field (HPF) were counted. 3 CRS was defined as eosinophilic when the percent of tissue eosinophils exceeded 10% of total infiltrating cells, as reported in our previous study. 3 Additional information is provided in this article's Appendix S1.
| Measurement of molecular markers in tissues
As previously reported, 15 tissue samples were weighed and homogenized. The protein levels of 35 molecules in supernatants were detected using the Bio-Plex suspension chip method (Bio-Rad, Hercules, CA, USA). 22 The protein concentrations of detected molecular markers were normalized to total tissue protein levels. 22 Cytokine values below the level of assay detection were replaced by the values representing 1/10 of the detection limit. 23 Additional information is provided in this article's Appendix S1 with Table S1 .
| Statistical analysis
Data were analyzed using the R version 3. 
<.001
Patients with asthma, n (%)
16 (50.00)
Patients with prior surgery, n (%) variables, results are expressed as medians and interquartile ranges (IQR), or in box and whisker plots. Data distribution was tested for normality using a Kolmogorov-Smirnov test or a Shapiro-Wilk test.
As variables were not normally distributed, a Kruskal-Wallis H test was used to assess significant intergroup variability among more than 2 groups and a Mann-Whitney U 2-tailed test was used for between-group comparison. For dichotomous variables, a chisquared test or Fisher's exact test was performed to determine the difference between groups, whichever is appropriate. Significance was accepted at P < .05, which was adjusted using a Bonferroni correction for multiple comparisons. 25 For cluster analysis, continuous variables were standardized using z scores and categorical variables were expressed as 0 or 1. 26 Principal component analysis was performed to analyze relationships between variables to choose the variables most relevant to the study. 6 Orthogonal rotation with Kaiser normalization was performed, and only variables with loadings of >0.4 were retained. 6 Next, the subjects were sorted into groups by using k-means method based on the correlation ratio and mixed principal component analysis. 5, 6, 26 The optimal number of clusters was determined by NbClust in R software package, which uses a wide variety of indices to find the optimal number of clusters in a partitioning of a data set during the clustering process. 27 The priori power analysis suggests that a sample size of 246 CRS patients will provide enough power (P ≥ .8)
to detect a medium differences among the clusters (eg, Cohen's f ranging from 0.18 to 0.25 corresponding to a number of clusters ranging from 2 to 8 if the sample is homogeneously distributed within clusters). The nonparametric tests will provide more power when the data are not normally distributed.
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3 | RESULTS
| Study cohort
Three hundred and twenty-one CRS participants were recruited; however, 75 (23.36%) were excluded because of incomplete/missing data (3 patients), inadequate amount of tissue for analysis (22 patients), or loss to follow-up (50 patients) ( Figure S1 ), leaving 246 CRS patients for analyses. In addition, 16 control subjects were analyzed as a reference for comparing the difference between CRS and control subjects. No significant differences in demographic and clinical characteristics were found between patients who completed the study and patients excluded because of inadequate sample amount and lost to follow-up (Table S2 ).
| Difference between CRSwNP and CRSsNP patients
There were 184 (74.8%) CRSwNP and 62 (25.2%) CRSsNP patients.
Consistent with previous reports, [1] [2] [3] [4] CRSwNP and CRSsNP demonstrated considerable difference in a number of clinical and inflammatory characteristics (Tables S3 and S4) ; however, no significant difference in the proportion of difficult-to-treat cases was discovered between the CRSwNP (33.7%) and CRSsNP (20.97%) groups ( Figure S2 ). Additional data are provided in this article's Appendix S1 including Tables S5 and S6 .
| Clustering results
We first performed principal component analysis to reduce dimensionality of variables from a total of 67. Seven components (54 variables) were retained explaining 75% of all variance in the data (Table S7) . Analysis of remaining 54 multidimensional variables produced an optimal outcome of 7 subject clusters (Table S8) . A modified heat map, overlaid with a graded color scheme representing quintiles of data, was created to indicate the relative degree to which some key variables were present across clusters ( Figure 1 ). All the subjects in cluster 1 were CRSwNP patients ( Table 1 (Table 1 , Figure 1 and Figure S3 ). This cluster was also 1 of the top 2 clusters with high endoscopic scores (Table 1 , Figure 1 and Figure S3 ). This cluster presented the highest blood eosinophil count and percent, mucosal eosinophil count, and mucosal levels of IL-5, IL-13, eotaxin, IgG4, and IgE, whereas it had the lowest tissue levels of IL-8 and mucosal neutrophil infiltration (Tables 1 and 2 , Figure 1 , and Figures S4 and S5 ). This cluster also had the lowest mucosal levels of basic fibroblast growth factor (bFGF) and granulocyte colony-stimulating factor (G-CSF) ( Table 2 and Figure 1 ). Cluster 1 also demonstrated significant differences in these cellular and molecular markers compared with controls (Table 2 and Table S4 ). Importantly, this cluster had the highest proportion (50%) of difficult-to-treat cases ( Figure 2 ). In this cluster, compared with non-difficult-to-treat CRS and controls, difficult-totreat CRS subjects were predominantly women and had a particularly high frequency of asthma comorbidity and demonstrated higher bilateral CT scores and increased levels of IL-5, IgG4, and IgE (Table S9 ).
| Cluster 2: Highly atopic CRS with mild inflammation (n = 40 [16.26%])
It was the only cluster in which the majority of subjects were CRSsNP patients (Table 1 , Figure 1 and Figure S3 ). Despite the high frequency of atopy in this cluster, these subjects did not manifest significant eosinophilic inflammation. Compared with controls and other clusters, they had mild inflammation and a moderate proportion of difficult-to-treat CRS (35%) (Figure 2) . Surprisingly, the subjects with difficult-to-treat CRS in this cluster had higher CT scores, but lower symptom scores (Table S10) . Patients with difficult-to-treat CRS in cluster 2 had a profile of mild eosinophilic inflammation as reflected by slightly increased levels of IL-5 and IL-4
and eosinophil infiltration in comparison with patients with non-difficult-to-treat CRS and controls (Table S10) . Simultaneously, some other inflammatory mediators were also mildly elevated in difficultto-treat CRS (Table S10) . of difficult-to-treat cases (Figure 2 ). All the cases with difficult-totreat CRS in this cluster were CRSwNP and demonstrated higher rhinorrhea scores and bilateral CT scores (Table S11) (Table S11 ). In contrast, non-difficult-to-treat CRS had higher mucosal plasma cell count and IgG4 level (Table S11 ).
3.3.4 | Cluster 4: Young, predominantly male subjects with mild inflammation (n = 34 [13.82%])
Cluster 4 was comprised of primarily male patients with the youngest age (Table 1 and Figure S3 ). About half of the patients in this cluster had nasal polyps. These subjects had the highest blood leukocyte and monocyte count, and blood neutrophil count and percent (Table 1 and Figure S4 ). Similar to cluster 2, this cluster had mild inflammation ( Table 2 , Figure 1 and Figure S5 ). This cluster had the highest levels of mucosal IgG3 (Table 2 and Figure 1 ). Although this cluster had a low ratio of difficult-to-treat CRS (20.59%) (Figure 2 ), (Continues) the difficult cases in this cluster had a higher rate of prior sinus surgery, and higher CT and total endoscopic scores (Table S12 ). Similar to cluster 2, difficult-to-treat CRS in this cluster had a profile of moderate eosinophilic inflammation as reflected by increased number of mucosal eosinophils in comparison with patients with non-difficult-to-treat CRS and controls (Tables S3 and S12 ). Nevertheless, the number of glands was decreased in difficult cases compared with non-difficult-to-treat CRS and controls (Tables S3 and S12 ). This was the smallest cluster and lacked difficult-to-treat cases (Figure 2) . The majority of cluster 5 subjects had nasal polyps (80%) (Table 1, Figure 1 and Figure S3 ). Although this group had the high protein levels of a number of inflammatory mediators, this cluster also had remarkably high levels of IL-10 (Table 2, Figure 1 and Figure S5) . In other clusters, the IL-10 levels were downregulated compared with controls ( Table 2 and Table S4 ). CRS, chronic rhinosinusitis; HPF, high-power field; IL, interleukin; IL-1Ra, IL-1 receptor antagonist; bFGF, basic fibroblast growth factor; G-CSF, granulocyte colony-stimulating factor; IFN-c, interferon-c; IP-10, IFN-c-induced protein 10; MCP-1, monocyte chemoattractant protein-1; MIP, macrophage inflammatory protein; TNF-a, tumor necrosis factor a; VEGF, vascular endothelial growth factor; PDGF-BB, platelet-derived growth factor-BB; Ig, immunoglobulin.
The protein concentrations of detected molecular markers were normalized to total tissue protein levels. For continuous variables, results are expressed as medians and interquartile ranges. An overall test of the distribution of each characteristic across clusters was performed using a Kruskal-Wallis H test. Overall P values indicate differences among the 7 clusters. Overall P values <.05 indicate that at least 1 of the 7 clusters was different from other clusters. The numbers in bold indicate the highest value of a particular variable among 7 clusters, whereas the numbers in italic indicate the lowest value of a particular variable among 7 clusters.
F I G U R E 2
The proportions of difficult-to-treat chronic rhinosinusitis (CRS) differed by subject clusters. Fisher exact test was used to test the differences in proportions across 7 clusters. An overall P value indicates differences among the 7 clusters. An overall P value <.05 indicates that at least 1 of the 7 clusters was different from other clusters Figure 1 and Figures S4 and S5) . This cluster had a high rate of difficult-to-treat CRS (46.15%) (Figure 2) . Compared with non-difficultto-treat CRS, difficult-to-treat CRS in cluster 6 was more likely to have prior sinus surgery, and higher total symptom and CT scores, and much lower levels of IL-10 (Table S13 ).
3.3.7 | Cluster 7: Mild CRS with low inflammatory load and favorable treatment outcomes (n = 60 [24.39%])
The majority of subjects in this cluster had nasal polyps, and this group had a mild disease severity as reflected by the lowest symptom scores ( Table 1 , Figure 1 and Figure S3 ). The expression levels of various cellular and molecular biomarkers were lower compared to other clusters (Table 2 , Figure 1 and Figure S5 ). In this cluster, subjects were unlikely to have difficult-to-treat CRS (10%) (Figure 2 ). Patients with difficultto-treat CRS all had a history of prior sinus surgery (Table S14) . Compared with non-difficult-to-treat CRS and controls, difficult-to-treat CRS in cluster 7 had higher levels of IgG1-4 (Table S14 ).
| DISCUSSION
Although CRSsNP and CRSwNP show certain differences in clinical manifestations and immunopathologic characteristics as revealed by previous studies and our current study, 1-4,31 the presently recommended classification does not adequately reflect the heterogeneous characteristics of CRS that influence both clinical and scientific research in CRS. 4, [32] [33] [34] [35] [36] Cluster analysis has been used to characterize subgroups of CRS recently. [5] [6] [7] [8] [9] [10] However, most efforts have relied primarily on clinical features or a limited number of inflammatory biomarkers. [5] [6] [7] [8] [9] [10] Interestingly, in our current study, we found that despite the fact that clusters generated using only clinical variables differed significantly in clinical characteristics, they did not have significant difference in expression of various inflammatory factors (Table S15 ). In contrast, clusters generated only using molecular and cellular factors had significant differences in inflammation profiles, but not in a number of clinical characteristics (Table S16) . A major strength of this study is to integrate 39 cellular and molecular variables and 28 clinical variables in 1 cluster analysis for the first time. It would be more powerful to identify the association between underlying biology and clinical characteristics and treatment outcomes. Here, we identified 7 groups, confirming endotypes of previous reports and revealing additional unrecognized endotypes, 5, 6 and for the first time characterized the heterogeneity of difficult-to-treat CRS.
Cluster 1 was comparable to the classic well-defined eosinophilic CRSwNP. Although this endotype is commonly found in white CRS patients, as reported by Tomassen et al 6 in their cluster analysis study, it appears to only comprise a small portion (13.01%) of the Chinese CRS patients that we have evaluated in this study. The identification of this classic group of patients supports the reliability of our analytic approach. Another strength of the current study is that we prospectively studied treatment responses of patients under "standardized" treatment conditions. We found that cluster 1 had the poorest treatment outcomes, which confirms the previously reported link between eosinophilia and prognosis of CRS. 7, 11 Distinct from white patients, 3, 6, 14 neutrophil-dominated endotypes were more frequently found in Chinese patients. We found that comparable to cluster 1, neutrophilic inflammation dominated clusters 3 and 6 had high proportions of difficult-to-treat CRS, suggesting that both eosinophilic and neutrophilic inflammation can lead to severe polyp disease. 7 Our previous report indicates that increased neutrophilia may reduce the response to corticosteroid therapy in CRSwNP. 36 Corticosteroids were the principal postsurgery treatment in our study; therefore, the high frequency of difficult cases found in clusters with prominent neutrophilic inflammation encourages a search for novel treatments targeting neutrophilic inflammation. Compared with the previous study, 6 we included more biomarkers of inflammation, tissue remodeling, and adaptive immunity in cluster analysis.
Such expansion of biomarkers facilitates the discovery of novel pathways underlying different endotypes of CRS. We found significantly increased expression of G-CSF and IgG1 in highly neutrophilic CRS.
G-CSF can stimulate the survival and function of neutrophils. 37 A recent study showed that local IgG1 may lead to complement activation in CRSwNP, 38 which in turn may promote the local recruitment of neutrophils via complement split products. 39 Thus, it will be inter- A further strength of this study is to characterize the difficult-totreat CRS patients in the context of the identified subject clusters. Surprisingly, we found that non-difficult-to-treat CRS had a higher frequency of smoking exposure compared with difficult-totreat CRS, which is contradictory to our perception of the negative effects of smoking on surgical outcomes of CRS. 44 It may be due to the limitation of smoking recording in our study as we did not include consideration of passive smoking and did not have sufficient information to quantify the smoking severity.
This study has several limitations. Similar to previously published studies of cluster analysis of CRS, 5, 6 the subjects in our study were those presenting to tertiary centers as surgical candidates after medical therapy had failed. More CRSwNP patients were enrolled than CRSsNP patients. Therefore, we must be cautious in extrapolating these findings to CRS in the general primary care population.
Despite this caveat, clinicians usually pay more attention to patients ultimately referred to tertiary centers; the purpose of characterizing difficult-to-treat CRS patients is thus well served using our current subject recruitment strategy. In addition, given the immunopathologic differences discovered between Chinese and Caucasian patients, some of our findings may be limited to relevance in Chinese populations. However, comparing the difference between Chinese and white patients may provide novel insights into the pathogenesis of CRS. One potential criticism is that this is a singlecenter study and therefore our findings need to be replicated across multiple centers. Despite our efforts to be objective, there were several areas of subjectivity, including our selection of variables for clustering and our decisions on the number of clusters. We were unable to cover all the molecules critical for the pathogenesis of CRS due to the limited sample amount and technique limitation either. Nevertheless, we did not aim to get a termination for CRS classification but create a condition to study the internal mechanism and treatment prognosis of CRS as the best as we could. In this study, we evaluated subjective symptoms and disease severity by endoscopy and computed tomography examination. A more comprehensive assessment of quality of life, nasal resistance and olfactory function would help to characterize CRS more precisely. Like other CRS cluster studies, 5, 6 our current study does not address the question of stability in cluster membership. It will be important to conduct longitudinal studies to evaluate the stability of clusters over time in relation to treatment and environmental changes in future. In addition, although power analysis showed the statistical power was >0.8 in our study, our data should be interpreted with caution as the evaluation of a very large number of markers in a relatively modest numbers of subjects in some clusters might lead to statistical artifacts.
These comments notwithstanding, for the first time, we integrated multidimensional measurements in 1 unbiased cluster analysis to identify 7 CRS clusters with distinct endotypes and treatment outcomes. Our study emphasizes that both eosinophilic and neutrophilic inflammation can lead to poor outcomes under current steroid and surgery-centered treatment approaches and encourages the development of novel targeted therapies. Our clustering approach brings novel insights to CRS endotypes and difficult-to-treat CRS, highlighting the previously unrecognized importance of IL-10, G-CSF, and IgG1 in select groups of patients. In recent years, biologic agents targeting Th2 pathway and IgE, including humanized anti-IgE, anti-IL-5, and anti-IL-4 and IL-13 receptor antibody, have shown promising effects for the treatment of CRSwNP. [45] [46] [47] It can be expected that cluster 1 is more likely to response to those treatments. In addition, the positive effects of IL-6 and IL-1b blocking on neutrophilic inflammation in arthritis and asthma highlight the possibility of targeting these cytokines for the treatment of CRS characterized by neutrophilic inflammation. 48 Our study therefore provides an additional fundamental basis for identifying proper biomarkers to guide current and future biologic treatments for CRS.
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